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ABSTRACT
Chitosan is a polysaccharide obtained by deacetylating chitin, the major 
constituent of the exoskeleton of crustaceans. The driving force in the development of 
new applications for chitosan is not only is it naturally abundant, but it is non-toxic and 
biodegradable. It can be used as a chelating agent, coagulating agent, and flocculant. It 
has also been used to reduce blood cholesterol and as a dietary supplement. Chitosan 
derivatives have been synthesized for cosmetic applications and have been reported to 
exhibit antimicrobial activity. Further investigation of this potential activity is 
warranted due to increased antibiotic resistance.
The focus of this work is the synthesis and characterization of water-soluble 
quaternary ammonium chitosan derivatives as potential biocides. Chitosan quat-188 
exhibits excellent biocidal activity against E. coli and S. aureus . The adjuvant activity 
of chitosan quat-188 with the antibiotic rifampin has been demonstrated against 
Mycobacterium tuberculosis, showing an MIC of 4 |Xg/mL. We have developed a facile 
method for the production of acetylated and butyrylated chitosan quat-188 derivatives 
that also show antimicrobial activity. N-carboxymethyl chitosan is a water soluble 
derivative that can be either monocarboxylated or dicarboxylated. Varying the amount 
of reagents and the solvent conditions lead to different ratios of mono vs. disubstitution, 
ranging from 55/45 of mono/di to 17/83 of mono/di. The solid state ,SN NMR spectra 
of chitin, chitosan and chitosan derivatives were measured. The chemical shifts relative 
to an ammonium nitrate reference were observed as follows: amide group of chitin,
157.6 ppm; the 2-amino group of 57.7 ppm; the quaternary ammonium group and the
x
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substituted 2-amino group in chitosan quat-188 ware 84.3 and 63.5 ppm, respectively. 
The N-carboxylated derivatives exhibited a broad band from 40-100 ppm and centered 
around 64 ppni. The amide nitrogen in the aminoalkylcarbamoyl chitosan appeared at 
149 ppm while the 2-amino group and the tertiary amine appear as a broad band around
60.9 ppm.
xi
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CHAPTER 1 
INTRODUCTION
1.1. Discovery of Chitosan
Rouget first reportedly discovered Chitosan in 1859 when he boiled chitin in a 
concentrated potassium hydroxide solution.11 Fundamental research on chitosan, did 
not start in earnest until about a century later. This biopolymer was traditionally used in 
the Orient for the treatment of abrasions and in America for the healing of machete 
gashes. Since then, knowledge about chitosan has been greatly advanced by the work 
of such pioneers as Muzzarelli.11
1.2. Isolation of Chitosan
Chitosan is a polysaccharide obtained by deacetylating chitin, the major 
constituent of the exoskeleton of crustaceans. While chitin is comprised of mostly 
acetamido groups, chitosan is a copolymer containing acetamido and primary amino 
groups. The amino groups impart to chitosan its unique characteristics. Chitosan is 
referred to as deacetylated chitin when the degree of deacetylation is more than 70%u  
as shown in Scheme 1.1. Chitin is found in crustacean shells (crab, shrimp, krill and 
crawfish) that are available as a byproduct of the seafood industry. Therefore, most 
chitosan used in commercial applications derives from these sources.12 In crustacean 
shells, chitin is closely associated with proteins, where it acts as the bioadhesive 
responsible to insure the cohesion between fiber beds of the stacked laminae.13 This 
composite shell structure of a crustacean provides the high mechanical strength. The 
matrix in mollusk shells appears to be made of two structural units. The first unit is a
1
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high molecular weight chitinoproteic complex, which is arranged in the form of sheets 











Scheme 1.1. Formation of chitosan.
The second unit, called the mineralization matrix, is a polypeptide fraction with strong 
affinity for calcium, rendering it mostly soluble in decalcifying agents, like HC1. When 
CaCC>3 deposition from the environment occurs, chitin is trapped between the 
mineralization matrices' 4 (Figure 1.1) to provide a “hard” shell. The isolation method 
of chitosan consists of a chemical treatment where the demineralization of the 
crustacer.n shell is performed with HC1 followed by the removal of proteins by NaOH 
(the order to acid/base treatment can be reversed). The characteristics of the isolated 
chitosan will depend on several factors, such as the source of chitin, the concentration
2
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of reagents used, temperature of the isolation procedure and the reaction time on each 
step15 as shown in Scheme 1.2.
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Figure 1.1. Mineralization matrices of chitin.
3
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Isolation of Chitosan
























Scheme 1.2. Isolation of chitosan.
4
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Scheme 1.2 shows the typical isolation of chitosan from chitin. The CaCO* and the 
proteins are removed to free the chitin. NaOH is used to convert the amide 
functionality into the amino group.
1.3. Applications of Chitosan
The main driving force in the development of new applications for chitosan lies 
in the fact that the polysaccharide is naturally abundant, nontoxic, and biodegradable. 
One of the most useful properties of chitosan is for chelation. Chitosan can be useful 
for the chelation of harmful metal ions, such as copper, lead, mercury, and uranium, 
from wastewater.163 Chitosan acts as a powerful chelating agent because of its high 
amino content.16b Chitosan exhibits excellent coagulating and flocculanting activity by 
interacting with negatively charged substances such as proteins, solids, and dyes.17 
Other applications for chitosan include surface treatment of paper,18 seed coating and 
agrochemical replacements,19 cosmetic powders,110 and hair and skin care products.1 
114 Chitosan has been used to deliver low concentration of drugs via controlled drug 
release technology.115 Chitosan has also been found to be effective against cholesterol. 
In oral tests on mice, these medicines effectively decreased the blood cholesterol level 
up to 66% .'16 Chitosan has received great attention from the non-scientific community 
because it serves as a fat complexing agent capable of absorbing the fat intake before it 
can be metabolized by the body.117
1.4. Physiochemlcal Properties of Chitosan
The degree of deacetylation is one of the more important chemical 
characteristics of chitosan. This determines the content of free amino groups on the 
polysaccharide. Methods for checking the removal of acetyl groups in chitosan include
5
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UV spectrophotometry,118 dye adsorption,119 NMR spectroscopy,120 and IR 
spectroscopy.121 Recently, solid state 1SN NMR has been used to determine
deacetylation.122 Molecular weight is another important feature of chitosan and its 
derivatives. This parameter gives insight between the structure and properties for a 
particular sample. Absolute methods (osmotic pressure123 and light scattering124) 
provide a direct determination of the molecular weight. Secondary methods (solution 
viscosity125 and gel permeation chromatography126), which must be calibrated, give an 
estimate of the molecular weight. Viscosity of chitosan in solution is influenced by 
many factors, such as the degree of polymer deacetylation,127 molecular weight, 
concentration,128 ionic strength, pH, and temperature.
1.5. Water-soluble Chitosan Derivatives
Chitosan is insoluble in water, alkali, and organic solvents but is soluble in most 
solutions of organic acids when the pH of the solution is less than 6. However, water- 
soluble chitosans are frequently required when acids are undesirable substances in 
products, such as cosmetics, medicines, and foods. These derivatives can be used as 
biocides and modified to accommodate possible cosmetic applications. A water-soluble 
chitosan oligomer has been prepared for finishing polypropylene nonwoven fabrics to
I 90impart antimicrobial activity against S. aureus and E. coli. There have been 
examples of water-soluble chitosans synthesized and their potential usage examined. 
Chitosan lactate and chitosan hydroglutamate have been examined for the effect against 
E. coli and S. a u re u s30 Water-soluble chitosan derivatives have been synthesized with 
substituted oxiranes.1 31 The antibacterial effect of three kinds of chitooligosaccharides 
with relatively high, medium, and low molecular weights have been evaluated against
6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
various microorganisms.132 It has been shown that chitosan with 50% deacetylation 
from homogeneous processing is water-soluble. Under the homogeneous conditions, 
the uniform distribution of N-acetyl groups decreased the polymer’s crystallinity and 
increased the solubility in water.133 Chemical modification of chitosan provides an 
alternative to improving the biopolymer’s water solubility. Chitosan can be rendered 
water-soluble by covalent chemical reactions, including alkoxylation,134 
carboxymethylation,135 acylation,136 and graft polymerization.137
1.6. Objective of Present Study
The goal of the present study was to develop a facile technique to synthesize 
new water-soluble chitosan derivatives. The Daly research group has shown that some 
chitosan derivatives can be used for possible cosmetic applications.138 This study 
focuses on their potential use for biomedical applications. The characterization of these 
derivatives is pursued.
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF WATER-SOLUBLE CHITOSAN
2.1. Determination of the Percent of Deacetylation
It is important to determine the percent of deacetylation within a chitosan 
sample. This determines the content of the amido groups still present after hydrolysis, 
which ultimately affects the polymer’s reactivity. The percent of deacetylation for this 
study was determined by IR, and 'H NMR. The IR method was performed according to 
Robert’s procedure.21 The absorption amide band at around 1599 cm'1 was compared 
to the absorption of the hydroxyl band at around 3452 cm 1, which is used as an internal
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm1 ;
Figure 2.1. Determination of the percent of deacetylation of chitosan by FT-IR.




reference (Figure 2.1). The percent of deacetylation based on IR was 83 %. Chitosan 
does not display any hygroscopic nature, so the effect of water was not calculated. In 
the NMR spectrum (Figure 2.2), the N-acetyl peak appears at 2.03 ppm, while H-2 
appears at 3.1 ppm as an internal reference.2 2  The percent of deacetylation based on 
proton NMR was 85 %.
■     i . i . . i . . . . i . . . . i . . . . i . . . . i i . . i i i i . i i ■ i i i i
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Figure 2.2. Determination of the percent of deacetylation of chitosan by 'H NMR.
2.2. Regeneration of Chitosan
In order to obtain more homogeneous reactions, and therefore products with 
improved solubilities, we decided to regenerate chitosan by dissolving the
11
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polysaccharide in acid, followed by reprecipitation with base. This pretreatment has 
proven to be a very effective method for disrupting the crystallinity present in the 
biopolymer, increasing the number of reactive sites available to reagents.
2.3. Chitosan Quat* 188
oh
n +(Ch3)3 c r
Hydroxypropyl trimathytammonium chitosan chlorida 
(Chitoaan QuaMM) (1)
Scheme 2.1. Synthesis of chitosan quat-188 (1).
Quat 188 is an aqueous solution of N-(3-chloro-2-hydroxypropyl) 
trimethylammonium chloride salt manufactured by The Dow Chemical Company. This 
salt has been used to introduce a cationic moiety to starch and guar gum, increasing 
their affinity for anionic materials, which renders biopolymers that are valuable as 
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were antimicrobial. 2 4 The quaternary ammonium functionality has endowed the 
polymer with antibacterial characteristics. When this salt is treated with a strong base, 
the oxide will attack the neighboring carbon containing chlorine, forming 2,3- 
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Figure 2.3. FT-IR of chitosan quat-188 (1).
or alcohol groups. The synthesis of chitosan quat-188 was achieved under alkaline 
conditions in the presence of catalytic amounts of iodine (Scheme 2.1). Freshly 
regenerated chitosan was slurried in a solution of quat-188, 15% NaOH, and iodine. 
Water was added and the temperature was increased to 50°C. The solution changed 
from a dark purple to tan brown. The reaction was completed in 24 hours and the 
solution was lypholized and freeze-dried. The ER spectrum (Figure 2.3) of (1) did show
13
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an increase in the hydrogen bonding band for the hydroxyl group (when compared to 
chitosan) at 3500 cm'1.
The 'H NMR spectrum shows the methyl peaks from the quaternary nitrogen at 
3.25 ppm (Figure 2.4). Based upon a chemdraw simulation of the 'H NMR of (1), the 
peaks at 2.95 ppm represents the CH2 group next to the nitrogen at the C-2 position 
while 3.4 ppm shows the CH2 next to quaternary nitrogen. The peak at 4.3 ppm is the 
CH group on which the hydroxyl group is connected. This analysis is consistent with 
the introduction of a quatemized hydroxyl propyl group. The degree of substitution of 
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Figure 2.4. *H NMR of chitosan quat-188 (1).
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HO Ôv.






Scheme 2.2. Synthesis of acetyl (2) and butyryi (3) chitosan quat-188.
The synthesis of acetylated quat-188 (2) or butyrylated quat-188 (3) was 
achieved by dissolving (1 ) in water and then stirring the aqueous solution in the 
presence of acetic acid or butyric acid, respectively (Scheme 2.2). Dowex-180 polymer 
acid resin was then added to catalyze the esterification. When the solution was heated 
to 50°C a clear, tan solution formed that was allowed to react for three hours.
15
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Figure 2.5. FT-IR of acetylated quat-188 (2).
The IR spectrum (Figure 2.5) of (2) did si.uw a decrease in the hydrogen 
bonding band for the hydroxyl functionality (compared to (1» at 3434 cm'1, which 
shows conversion to ester groups. The 'H NMR spectrum (Figure 2.6) shows a 
substantial increase for the CH3 at 1.9 ppm, representing presence of acetyl 
functionality. There is a corresponding decrease in the signal representing the 
quaternary methyl groups at 3.2 ppm. The degree of substitution is 1.5.
16
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Figure 2.6. 'H NMR of acetylated quat-188 (2).
Similar results were achieved after treating chitosan quat-188 with butyric acid. 
The IR spectrum (Figure 2.7) showed a reduction in hydrogen bonding band for the OH 
group (compared to (1» at around 3496 cm 1. The C-0 stretching frequencies at 1657, 
1577, 1488, and 1404 cm' 1 correspond to the different substitutions of the ester group 
along the chitosan backbone. The 'H NMR spectrum shows a triplet of the CH3 at 0.85 
ppm, quintet of the middle CH2 at 1.5 ppm and a triplet of the other CH2 at 2.15 ppm. 
This is consistent with the chemical shifts of a butyryi group. The signal representing 
the quaternary methyl groups are around 3.2 ppm. The degree of substitution of butyryi 
groups is 1 .0 .
17
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Scheme 2.3. Synthesis of N-carboxymethyl chitosan (4).
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0t s X }
Î COCHj ■>* J n CH3
CH2 —CH—CH»—N— CHj cr
✓V,
I CT> I u>c <QLfci <o
1.0 0.5 02.5 2.0 1.54.5 4.0 3.5 3.0
Figure 2.8. 'H NMR of butyryi quat-188 (3).
Carboxymethylation of chitosan leads to the formation of a water soluble 
polymer (Scheme 2.3). N-carboxymethyl chitosan, (4) ,has been used to bind metal 
cations in water.2 5,2 6 It has also been used to enhance the intestinal absorption of low 
molecular weight heparin.2 7
Chitosan was stirred in water and upon addition of glyoxylic acid yielded a clear 
solution. Upon addition of NaBHt, the solution became cloudy between the pH range 
of 4-6. Due to the zwitterion nature of (4), it is insoluble in that pH range. However, 
when the pH reaches 7, the solution begins to become clear and at pH 8 , the solution is
19
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clear again. The IR spectrum (Figure 2.10) showed a signal at 1634 cm' representing 
the ionized carboxylate group. The 'H  NMR spectrum (Figure 2.9) shows a peak at 3.4 
ppm and a peak at 3.2 ppm. These peaks represent the hydrogen at the C-2 position. 
These peaks indicate the ratio of N-nionocarboxylation to N-dicarboxylation of 
chitosan. In Figure 2.9, this ratio is 44 to 56 percent, respectively. This phenomenon 
will be discussed in greater detail in Chapter 3.
NHCOCHjt
■ ■ ■ . . .  » . . . .  i .  ■ ■ ■ * ■ 1 1 , 1 1  ‘ 1 1  i 1 1  * * i « » * » i i » i * i
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Figure 2.9. *H NMR of N-carboxymethyl chitosan (4).
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Figure 2.11. FT-IR of methyl N-carboxymethyl chitosan (5).
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2.6. Methyl N-Carboxymethyl Chitosan
Methylation of the carboxylate chitosan by stirring (4) in dimethyl sulfate can 
provide a biopolymer from which other derivatives can be made. The methyl ester is a 
water insoluble polymer, methyl N-carboxymethyl chitosan (5). IR spectrum (Figure 
2.11) exhibited an absorption band at 1750 cm' 1 characteristic of an ester group.
2.7. Aminoalkyl Carbamoyl Chitosan
The carbamoyl functionality was then grafted onto the chitosan. This 
functionality has been used extensively in the Daly research group to impart water 
solubility to cellulose.2 8  Methyl N-carboxymethyl chitosan was slurried in N,N- 
dimethylamino- 1,3-propylamine. The three carbon separation of the diamine is used to 
guarantee that the tertiary amine still maintains its nucleophilicity. After two days, a 
water-soluble polymer, N,N-dimethylaminopropyl carbamoyl chitosan (6 ) was 
synthesized. The IR spectrum (Figure 2.12) of (6 ) showed the disappearance of the 
ester peak at approximately 1750 cm' 1 noted in the IR spectrum of (5). The NMR of (6 ) 
(Figure 2.13) is discussed in relation of N-carboxymethyl chitosan, (4). The peak at 3.2 
ppm coincides with the methyl groups of the tertiary amine, while the slight shoulder of 
the peak at 3.3 ppm is characteristic of the CH2 group of the tertiary amine.The peaks at 
2.9 and 2.8 ppm represent the other two CH2 groups of the bulky substituent. It is 
interesting to note that (6 ) is completely water-soluble although it contains no cationic 
or anionic charges. This is probably due to the polyfunctional character of the 
substituent. The tertiary amine group can hydrogen bond to water, enhancing solubility. 
The bulky substituent also disrupts intermolecular hydrogen bonding and the 
crystallinality is disrupted leading to water solubility. The D.S. of the substituent is 1.0.
22
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Figure 2.12. FT-IR of aminoalkyl carbamoyl chitosan (6 ).
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Figure 2.13. 'H NMR of aminoalkyl carbamoyl chitosan (6 ).
2.8. Monoquat and Diquat Alkyl Carbamoyl Chitosan
From this point, the goal was to synthesize quaternary ammonium derivatives 
that were extended from the amino group on chitosan. First, the aminoalkyl carbamoyl 
chitosan (6 ) was alkylated with methyl iodide to form monoquat alkyl carbomyl 
chitosan (7), which contains a quaternary ammonium functionality. The *H NMR of (7) 
(Figure 2.15) shows the quaternary methyl groups at 3.2 ppm. In comparison with the 
'H NMR of (6 ), (7) does not show the CH2 groups as clearly, which is characteristic of 
grafting substituents. The D.S. of the monoquat is 1.0. Next, (6 ) was reacted with the 
quat-188 reagent to afford diquat alkyl carbamoyl chitosan (8 ), which contains two
24
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quaternary ammonium functionalities. The IR of (8 ) showed an increase in hydrogen 
bonding compared to (7) indicating the presence of additional hydroxyl groups. The'H 
NMR of (8 ), (Figure 2.17), showed an integral increase over the same range as the (H 
NMR of chitosan quat-188 (1). The spectrum suggests a broadening of the signals 
originally seen in Figure 2.4, which could be attributed to grafting of bulky substituents. 
The D.S. is 0.97.
OH
CH3I
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Figure 2.15. FT-IR of diquat alkyl carbamoyl chitosan (8).
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Figure 2.16. 'H NMR of monoquat alkyl carbamoyl chitosan (7).
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Figure 2.17. *H NMR of diquat alkyl carbamoyl chitosan (8 ).
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Figure 2.18. Intrinsic viscosity of chitosan.
2.9. Intrinsic Viscosity of Chitosan Derivatives
Although viscometry is not an absolute method, it is one of the simplest and 
most rapid techniques for determining the molecular weight of a polymer sample. This 
method is based on the Mark-Houwink equation:
[Tj]=kM*
where r| is the intrinsic viscosity, M is the molecular weight, and k and a are constants 
determined experimentally for a polymer-solvent system. Wang and coworkers 
developed equations for determining k and a as a function of the degree of 
deacetylation.2 9
In order to obtain the viscosity average molecular weight of chitosan, it is 
important to use a good solvent. Several solvent systems have been proposed, 2'10 but
29
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the aggregation factors and degree of deacetylation were not taken into account. The 
solvent system most frequently used is a buffer solution of acetic acid and sodium 
acetate, which minimize aggregation. Wang determined the k and a parameters for 
several chitosan samples with different degrees of deacetylation using 0.2 M acetic 
acid/0.1 M sodium acetate. The intrinsic viscosity for the chitosan sample was 
determined to be 2.13 dL/g and the viscosity molecular weight of our chitosan was 
225,000 Daltons. Due to the lack of k and a parameters for the other derivatives, their 
molecular weights could not be determined. The intrinsic viscosities for all the 
derivatives were determined as shown in Table 2.1.
Table 2.1. Intrinsic viscosities of chitosan and its derivatives.
Compound [q] (dL/g)
Chitosan 2.13 ± 0.038
Chitosan quat-188 0.141 ± 0.004
Acetylated quat-188 0.400 ± 0.003
Butyrylated quat-188 0.485 ± 0.0004
N-carboxymethyl chitosan 0.606 ± 0 . 0 1 1
Dicarboxylated N-carboxymethyl chitosan 4.62 ± 0.002
Amino alkyl carbamoyl chitosan 0.718 ± 0.019
Monoquat alkyl carbamoyl chitosan 0.678 ± 0.026
Diquat alkyl carbamoyl chitosan 1.27 ± 0.007
30
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Chitosan shows a higher intrinsic viscosity at 2.13 dL/g than most of the other 
derivatives. Chitosan quat-188 shows a remarkable decrease in viscosity at 0.141 dL/g. 
This phenomenon has been noted in the Daly research group2 11 and in the literature. 2 12 
Since the synthesis of quat-188 occurs under basic conditions, a decrease in molecular 
weight due to hydrolysis is not expected to occur. It was concluded that introduction of 
the hydrophobic quat-188 group causes the chitosan quat-188 to assume a globular 
shape. This is contrasted with the shape of chitosan which is a random coil. Therefore, 
the hydrodynamic volume of chitosan quat-188 would be less than that of chitosan. 
Light scattering experimentation would be more adequate for defining the shape of 
these derivatives. Modification of the quat-188 derivatives leads to an increase of 
viscosity, which argues against chain cleavage. Acetyl quat-188 shows a higher 
viscosity than the chitosan quat-188, which can be attributed to the introduction of the 
acetyl ester functionality. A similar conclusion can be drawn when discussing the 
increased viscosity of the butyryi quat-188.
The N-carboxymethyl chitosan also shows a decrease in viscosity (q = 0.606 
dL/g) compared to chitosan. Again this can be contributed to the introduction of the 
carboxylate substituent away from the chitosan backbone. Modification of chitosan 
generally yields derivatives that are lower in viscosity compared to the parent chitosan. 
If dicarboxylated substituents dominate in the N-carboxylated chitosan sample, an 
increase in viscosity compared to that of the previously described carboxylated chitosan 
is observed. The dicarboxylation apparently converts the polymer from a random coil 
to a more linear configuration due to the repulsion of the anionic groups. This 
configuration would cause the viscosity of the polymer to increase.
31
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The amino and monoquat alkyl carbamoyl chitosan both show increased 
viscosities relative to that of the carboxylated chitosan. The diquat alkyl carbamoyl 
chitosan showed an increase in viscosity that is almost twice that of the amino alkyl 
carbamoyl chitosan. This increase can be attributed to the multiple cationic charge 
along the modified chitosan backbone. The increased charge would force more chain 
extension. As expected, the derivatives showed increases in viscosity due to 
introduction of substituents.
2.10. Visual Recognition of Chitosan Quat-188
A visual characterization technique involves the binding of a tetraphenolate 
boronate resorcinarene with the chitosan quat-188 polymer (Figure 2.19). Extensive 
work using tetraphenolates has been done by Robert Strongin's research group for 
sensing saccharides.2 13 Tetraphenolates exhibits strong binding affinity for quaternary 
ammonium cation. 2'14 This is due to the strong electrostatic interaction between the 
positively charged ammonium atom and the negatively charged tetraphenolate ester. 
Figure 2.20 shows the visual recognition of a color change. The tetraphenolate complex 
appears yellow-orange in color. The chitosan quat-188 solution is clear. When the 
complex is added to the quat-188 polymer, the resulting solution gives a red color. The 
color change occurs due to the interaction of the ionized tetraphenolate with the 
quaternary ammonium nitrogen. The degree of interaction gives different wavelengths, 
which gives the corresponding colors. This indicates a rapid way to characterize 
quaternary ammonium compounds.
32
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Figure 2.19. Binding of chitosan quat-188 with the tetraphenolate ester.
Figure 2.20. Visual recognition of color change.
Yellow tetraphenolate; clear chitosan quat-188; 
Red tetraphenolate + chitosan quat-188.
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.Y1. References
2.1. Domszy, J.G.; Roberts, G.A.F. Makromol Chem. 1985,186,1671.
2.2. Domard, A.; Gey, C.; Rinaudo, M.; Terrasin, C. Int. J. Biol. Macromol. 1987, 
9,233.
2.3. The Dow Chemical Co., Quat-188 Cationic Reagent, Technical Information, 1- 
21 .
2.4. Nam, C.; Kim, Y. Ko, S. J. Appl. »olym. Sci. 1999, 74,2258.
2.5. Dobetti, L.; Delben, F. Carbohydr. Polym. 1992,4 ,273.
2.6. Tang, L.; Hon, D. J. Appl. Polym. Sci. 2001,8, 1476.
2.7. Thanot, M.; Nihot, M.; Jansen, M.; Verhoef, J.; Junginger, H. J. Pharm. Sci. 
2001,7, 38.
2.8. Gurenni, M. in Ph.D. dissertation Characterization o f Aminoalkylcarbamoyl 
Cellulosic and Chitosan Derivatives fo r use in Cosmetic Formulation 1997 
Louisiana State University, 189.
2.9. Wang, K. Int. J. Biol. Macromol. 1991,13,281.
2.10. Maghami, G.; Roberts, G.A.F. Makromol. Chem. 1988,189, 195.
2.11. Macossay, J. in Ph.D. dissertation Synthesis and Characterization o f Water 
Soluble Chitosan Derivatives 1995 Louisiana State University, 85.
2.12. Rinaudo, M.; Dung, P.L.; Gey, C.; Milas, M. Int. J. Biol. Macromol. 1992,14, 
122.
2.13. Lewis, P.T. in Ph.D. dissertation Tetraarylboronic Acid Resorcinarenes: 
Synthesis, Molecular Recognition, and Templates fo r the Construction o f Three- 
dimensional Electronic Organic Materials 2000 Louisiana State University, 36.
2.14. Schneider, H.-J.; Schneider, U. J. Org. Chem. 1987,52, 1613.
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3 
CONTROL OF CHITOSAN N-CARBOXYLATION
3.1. Introduction
N-Carboxymethyl chitosan (NCMCh) leads to the formation of water-soluble 
chitosan derivatives. Therefore, NCMCh can serve as an important precursor for other 
water-soluble biopolymers. Further chemical modifications can lead to substituents in 
which 'H NMR analysis of the polymer can be difficult to elucidate. Therefore, for 
easier analytical evaluation of these new derivatives, it is important to determine if pure 
monocarboxylation of chitosan is possible. Usually, the characterization of NCMCh at 
the C-2 proton displays both monocarboxylation and dicarboxylation substituents as 
shown by Rinaudo. 1 Therefore ‘H NMR can be used to determine pure 
monocarboxylation.
When synthesizing N-carboxymethyl chitosan (4), it is important to note that 
three different monomer species are possible within the polymer backbone (Scheme 
3.1). One monomer unit is the monocarboxylate group. This occurs when chitosan 
reacts with the glyoxylic acid. The monocarboxylate functionality contains a secondary 
amine. This monocarboxylate functionality will presumably be more reactive than the 
primary amine found in the chitosan, which leads to dicarboxylation. Therefore, all the 
primary amines do not have to be converted into monocarboxylates in order for 
dicarboxylation to occur. The glyoxylic acid has two functions. It first solubilizes the 
chitosan because of its acidic nature and then it reacts with the chitosan. When the 
chitosan becomes protonated, it becomes a polyelectrolyte with a positive charge. The
35
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Scheme 3.1. Possibility of three monomer species.
glyoxylic acid anion formed can act as a counter anion. It took greater than 3.50 g (38 
mmol) of glyoxylic acid to totally dissolve 1.0 g (6 mmol) of chitosan (MW=226,000) 
used in this study in 100 mL of water. The excess glyoxylic acid required to dissolve 
the sample appears to increase the proportion of dicarboxylates to monocarboxylates. 
The excess acid is needed to solvate the ammonium salts along the chitosan backbone. 
If chitosan was first solubilized in acetic acid, then the polymer would be solvated by 
acetic acid, which is not reactive. In this study, an attempt will be made to synthesize 
only the monocarboxylate species using different concentrations of glyoxylic acid 
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3.2. Synthesis of N-Carboxymethyl Chitosan Derivatives
For the five NCMCh derivatives, Chitosan (0.50 g, 3 mmol) was suspended in 
100 mL of either 1% acetic acid, 5% acetic acid, or water. Glyoxylic acid monohydrate 
(0.50 g, 5 mmol), (1.0 g, 11 mmol), (0.25 g, 3 mmol), and (74 g, 800 mmol) were added 
respectively and the resulting clear solutions were stirred for 5 hrs each. Sodium 
borohydride was added slowly until the pH rose to 8. All solutions were then dialyzed 
and later freeze-dried. The weights of NCMCh isolated were 0.34 , 0.46 , 0.49, 0.47, 
and 2.81 g respectively.
3.3. Results and Discussion
Due to the difficulty of seeing the amine peak in relation to the monocarboxylate 
and dicarboxylate peaks in the proton spectra, ratios were only made between the 
monocarboxylate and dicarboxylate species. The summary of the reaction conditions 
are noted in Table 3.1.









#1 0.50 (5 mmol) 1 55/45
#2 1.0(11 mmol) 1 47/53
#3 0.25 (3 mmol) 1 44/56
#4 0.25 (3 mmol) 5 46/54
#5 74 (800 mmol) 0 17/83
The first two derivatives were synthesized changing the amount of glyoxylic acid and 
keeping the concentration of acetic acid constant. Figure 3.1. shows the 'H NMR of 
NCMCh #1. 'H NMR shows a ratio of 55% monocarboxylation to 45%
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dicarboxylation. However, the polymer is not very water-soluble and tends to form a 
cloudy mixture, sometimes even precipitating out of solution. These observations lead 
us to believe that with a high molecular weight chitosan biopolymer, there is a 
possibility that there are unreacted amino groups present that prevent the polymer from 
dissolving under neutral conditions.
77"T o 2 .03.04 .5
Figure 3.1. 'H NMR of NCMCh #1.
Figure 3.2. shows the 'H NMR of NCMCh #2. 'H NMR shows a ratio of 47% 
monocarboxylation to 53% dicarboxylation. The poiymer is completely water-soluble. 
Another attempt was made to prepare pure monocarboxylation of chitosan. Two
38
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derivatives were synthesized keeping the amount of glyoxylic acid constant and 
changing the concentration of acetic acid. This was done by dissolving the chitosan in a 
higher concentration of acetic acid solution. This was done to induce a higher counter 
ion balance of acetate ions to diminish the role of the highly reactive glyoxylate ions. 
Figure 3.3. shows the *H NMR of NCMCh #3.
T’—T" 
4.0 i!o ’ ’ j'.5 T4.5 2 .0
Figure 3.2. ’H NMR of NCMCh #2.
This polymer shows a 44% monocarboxylation and 36% dicarboxylation which is water 
soluble. NCMCh #3 shows approximately the same ratio of substitution found in
39
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NCMCh #2. Figure 3.4. shows the lH NMR of NCMCh #4. Using 0.25 g of glyoxylic 
acid in 5% acetic acid, we expected a much higher yield of monocarboxylation with 
respect to dicarboxylation. However, 'H NMR showed only a 46% of 
monocarboxylation to 54% dicarboxylation. The ratio for NCMCh #4 differs slightly 
from derivatives #2 and #3. This finding leads us to believe that there exists an 
equilibrium occurring in solution accounting for similar carboxylation among the four 
derivatives.
i • ' 
3.34.0 2.34.3
Figure 3 J . 'H  NMR of NCMCh #3.
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Since no procedure yielded a pure monocarboxylated sample, an attempt was made to 
synthesize a pure dicarboxylated sample which would yield NCMCh #5. The fH NMR 
of NCMCh #5 is shown in Figure 3.5. It shows a 17% of monocarboxylation to 83% 
dicarboxylation. This finding shows a possibility for pure dicarboxylation of chitosan 
to form after several sequential reactions with glyoxylic acid.
-r—f 
4.0 '  3*.5 ,0
Figure 3.4. 'H NMR of NCMCh #4.
3.4. Conclusions
In this study, 'H NMR was used to determine the ratio of monocarboxylation to 
dicarboxylation. Even when the polymer exhibited very low solubility, the 
dicarboxylate species was present in substantial amounts. A high excess of glyoxylic
41
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Figure 3.5. 'H NMR of NCMCh #5. 
acid shows a possibility of synthesizing a pure dicarboxylated N-carboxymethyl 
chitosan species. But for a high molecular weight chitosan polymer, pure 
monocarboxylation is not a possibility.
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CHAPTER 4
SOLID STATE I5N NMR CHARACTERIZATION OF 
CHITOSAN DERIVATIVES
4.1. Introduction
Nitrogen NMR spectroscopy is very attractive for biophysical studies due to the 
relatively few nitrogen atoms compared to carbon or hydrogen atoms.41 The chemical 
shifts of these types of nitrogen are very sensitive to their environment4 2 Solid state 
1SN NMR has been applied to the investigation of biopolymers41 especially the 
structure and confirmation of DNA or peptides.4 3 Solid state 1SN NMR has also been 
applied to structural analysis of polymer materials, such as nylon 4 4 Recently, it was 
reported that solid state >SN NMR was used to determine the degree of acetylation of 
chitin and the grafting degree of poly (3-hydroxybutyrate) on chitosan45 This 
spectroscopic technique should be useful for characterizing chitosan derivatives in 
general. Different chemical environments for various chitosan derivatives should be 
observed in amino, amide, or quaternary ammonium nitrogen chemical shift ranges.
4.2. Results and Discussion
All of the chemical shifts were externally referenced to NR»+ of ammonium 
nitrate and the chemical assignments based on the Waite solid state NMR 
assignments.46"48 The solid state l5N NMR spectra of chitin and chitosan (87% 
deacetylated) are shown in Figures 4.1 and 4.2 respectively. Based upon the 
ammonium nitrate reference, the chemical shift of an amide group should fall between 
150 -140 ppm and that for an amine group should occur between 80 to 50 ppm. The 2- 
acetamido peak in chitin is clearly identified at 157.6 ppm . In the chitosan spectrum a 
peak occurs at 57.7 ppm consistent with the presence of amine, but the resonance of the
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amide group was not detected. Apparently the concentration of 2-acetoamido groups in 
the chitosan sample was too low to be detected by the instrument. The spectra were 
taken using cross-polarization techniques, in which the nitrogen with the most 
hydrogens produces the strongest signal. The glucosamine units are easier to detect 
under these conditions. Since the amide peak was not detected, a degree of 
deacetylation of chitosan could not be calculated.
The spectrum of chitosan quat-188 is shown in Figure 4.3. The peak at high 
field can be assigned to the 2-aminogroup. A shift from 37.7 ppm as noted in chitosan 
to 63.5 ppm can be attributed to the addition of a hydroxy propyl substituent. The 
second peak at 84.3 ppm is assigned to the quaternary ammonium nitrogen of the 
trimethyl ammonium substituent.
As described in Chapter 2, chitosan quat-188 was modified by treatment with 
acetic acid or butyric acid. Figures 4.4 and Figure 4.5 show the spectra of acetylated 
and butyrylated quat-188, respectively. Additional reaction at the nitrogen atoms was 
not expected as a result of this treatment; indeed, the two resonances observed in the 
acetylate sample (Figure 4.4) occur at approximately the same chemical shifts as those 
found in quat-188. In contrast, butyrylated chitosan quat-188 exhibited three 
resonances because the peak in the 60-70 ppm is split into a doublet. The reason may 
lie in the difference in the degree of substitution of the corresponding esters. The 
acetylated chitosan quat-188 has a D.S. greater than 2, meaning that each glucosamino 
unit is acetylated on at least one ring hydroxyl group. The bulkier butyryl group, with a 
D.S. of less than 2, did not add to each repeat unit. The splitting can be attributed to the
44
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Figure 4.1. 1SN NMR of chitin.
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
.OH
HO
200 ISO 100 so 0 -50
ppm
Figure 4.2. >SN NMR of chitosan (87% deacetylation).
different environments of the hydroxypropylated amine groups. One chemical shift 
could be assigned to an amino group on a butyrylated ring and the second shift would
46
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arise from rings with no acyl substituents. Alternatively, some of the hydroxyl groups 
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Figure 4.3. ISN NMR of chitosan quat-188 (1).
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Figure 4.4. >SN NMR of acetyl chitosan quat-188 (2).
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Figure 4.5. ,SN NMR of butyryl chitosan quat-188 (3).
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spectrum of an N-carboxymethyt chitosan (Chapter 3, Sample #1) which is practically 
insoluble in water. The derivative is not completely substituted; i.e. unreacted 
glucosamino substituents remain in the sample. The distribution of N-carboxymethyl 
substituents on the substituted glucosamino units is 55 % mono and 45 % disubstitution. 
The resonances in the spectrum are very poorly resolved; a peak centered at 66.9 ppm 
with shoulders at 59.8 ppm and 77.9 ppm is observed. The peak and shoulders are 
consistent with three different nitrogen environments. Figure 4.7 shows the spectrum 
for the primarily dicarboxylated species, (Sample #5). The peak at 62.1 ppm obscures 
any possible shoulders indicating that resonance associated with the dicarboxymethyl 
substituted amino group dominates. The >5N study was extended to N,N- 
dimethylaminopropyl carbamoyl chitosan, the spectrum featured in Figure 4.8. In this 
sample, an amide group is expected as part of the substituent. The peak at 149 ppm 
clearly demonstrated the presence of an amide group. The resonance at 60.9 ppm is 
probably comprised of two different amine groups, the secondary amine already present 
in the dicarboxylated species, from which the amino carbomyl chitosan was 
synthesized, and the tertiary amine group present in the substituent. However, the peak 
at 149 ppm definitely confirms the synthesis of an amino carbamoyl chitosan from N- 
carboxymethyl chitosan #5.
4.3. Conclusions
Spectra analysis of the water-soluble chitosan derivatives using solid state lsN 
NMR is a useful tool to help confirm the structure of a derivative. However, ,5N NMR 
by itself is not adequate to identify the distribution of substituents within a derivative 
due to the low resolution. Poor resolution results in failure to separate peaks
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representing the same type of functional group with different substituents, such as 
differentiating a primary amine, secondary amine, or tertiary amine. This is of primary 
importance because chitosan derivatives usually contain one or more of these 









Figure 4.6 l5N NMR of N-carboxymethyl chitosan #1 (4).
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Figure 4.7. I5N NMR of N-carboxymethyl chitosan #5.
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Figure 4.8. ISN NMR of aminoalkyl carbamoyl chitosan (6).
4.3. Conclusions
Spectra analysis of the water-soluble chitosan derivatives using solid state l5N 
NMR is a useful tool to help confirm the structure o f a derivative. However, I;N NMR
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by itself is not adequate to identify the distribution of substituents within a derivative
due to the low resolution. Poor resolution results in failure to separate peaks
representing the same type of functional group with different substituents, such as 
differentiating a primary amine, secondary amine, or tertiary amine. This is of primary 
importance because chitosan derivatives usually contain one or more of these 
functionalities. The sensitivity of the technique is also a limiting factor.
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CHAPTER 5




Biocidal polymers have numerous potential applications. They can be used in 
the area of health care and hygienic applications. Copolymerization of biocidal 
monomers with elastomeric materials could produce new antimicrobial rubber materials 
useful for the fabrication of surgical gloves and condoms. Additional potential 
applications for biocidal polymers include as preservatives in paints, waxes and oils, 
and as disinfectants in gels and ointments for medical uses. Probably the class of 
biocidal polymers that has received the most attention has been that of the polymeric 
quaternary ammonium materials. The ideal biocidal polymer should possess at least the 
following characteristics: it should be easily and inexpensively synthesized; it should 
be stable in long-term usage and storage at the temperature of its intended application; it 
should not be water-soluble for water-soluble applications; it should not decompose to 
and emit toxic products; it should not be toxic or irritating to those handling it; it should 
be regenerable upon loss of activity; and it should be biocidal to a broad spectrum of 
pathogenic microorganisms in brief times of contact. Achievement of the development 
of a polymer with all of these characteristics has been, and will continue to be, 
elusive.51
The biocidal polymers that have received the most attention have been the 
polymeric quaternary ammonium materials. The quaternary nitrogen functions as an
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essential component in many biologically active compounds5 2 and plays an important 
role in living processes.5 3 Quaternary ammonium compounds (quats) are products of a 
nucleophilic substitution reaction of alkyl halides with tertiary amines. They generally 
have the following structure (Figure 5.1) where R is an alkyl group and the X represents 
the anion, normally a halogen.
K
R N- R X
I'
Figure 5.1. Quaternary ammonium salt structure.
The first researchers to examine the preparation and antimicrobial activity of 
quats were Jacobs and Heidelberger.54,55 In 1935, Domagk disclosed antibacterial 
activity of long-chain quaternary ammonium salts.56 Therefore, the increased activity 
that occurs when a quaternary nitrogen is attached to a large aliphatic residue was 
established. Although the exact mechanism has not been proven, it is believed that the 
negatively charged cell surface of the microorganism interacts electrostatically with the 
positively charged quaternary nitrogen. The lipophilic chain diffuses through the cell 
wall causing disruption of the cytoplasmic membrane, loss of cytoplasmic constituents 
and, eventually, cell death.51
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Chitosan derivatives have been repotted to exhibit Kmited antimicrobial activity 
and recently, the synthesis and antibacterial activities of quatemized DEAE and TEAE- 
chitin derivatives were reported.5 7 This research focuses on the synthesis of chitosan 
derivatives that are water soluble. These water soluble derivatives are grafted with 
quaternary ammonium substituents. The quaternary ammonium substituents give the 
chitosan biocidal characteristics, which can be used to inhibit the growth of 
microorganisms.
5.1.2. E. coli Virulence
The organism now known as Escherichia coli was first described by Theodor 
Escherichia in 1885.5 8 Soon after its discovery, E. coli became a very popular 
organism because scientists could grow it quickly. E. coli is a gram negative bacteria, 
shown in Figure 5.4, that contains an outer membrane and a small layer of 
peptidoglycan. The outer membrane, which consists of liposaccharides, functions as an 
efficient permeability barrier. Although mostly found in uncooked meat, E. coli can 
also be found in water, raw milk, and unpasteurized apple juice.5 9 While most strains 
of E. coli are harmless, there are strains that may produce a number of toxins. These 
strains are known as Verotoxin-producing E. coli (VTEC). Since then, E. coli 0157:H7 
and other VTEC have emerged as a significant cause of human disease and have 
become the focus of intensive interest.510
5.1.3. S. aureus Virulence
5. aureus is a gram positive bacteria (shown in Figure 5.4) that is found around 
the nose. The discovery of penicillin by Fleming in 1944 was the “miracle drug” used 
to combat the microorganism known as Staphylococcus aureus.511 In 1944 over 94%
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of S. aureus isolates were susceptible, but by 1950 half were resistant. Eventually, S. 
aureus became resistant to penicillin and was treated with a newer antibiotic known as 
Methicillin. Methicillin-resistant Staphylococcus aureus (MRSA) has become a major 
nosocomial pathogen in many hospitals worldwide. Even more alarming, MRSA strains 
are becoming vancomycin-resistant meaning that there will be no known antiobiotic 
that can combact the MRSA strain.512 Continued application of the vancomycin 
antibiotic has led to the emergence of glycopeptide intermediate susceptible S. aureus 
(GISA). These organisms demonstrated a vancomycin minimum inhibitory
concentration of >4 mg/mL and <32 mg/mL.513 Recently, there has been a study 
concerned with the removal of 5. aureus from water by polyurethane ionomers. The 
polymers are quaternary ammonium salts which strongly capture the microbial cells.514 
As different strains of E. coli and S. aureus become more resistant to antibiotic 
treatment, there is a need for alternative treatment. Chitosan quat-188 and other water- 
soluble derivatives have been identified as possible treatments by showing biocidal 
activity against E. coli and 5. aureus strains.
5.2. Results and Discussion
The biocidal activity of polysaccharides have been a focus of the Daly research 
group.515 Two polysaccharides of interest were 3-trimethylammonium-2-
hydroxypropyl-N,N-dimethylammonium ethyl carbamoyl cellulose chloride 
(DQNNED) (Figure 5.2) and chitosan quat-188.
The MIC of the first polysaccharide tested, DQNNED, which contains a 
quaternary nitrogen and carbamoyl group was found to be 480, and 1760 ng/mL for E. 
coli, and S. aureus, respectively as shown in Figure 5.3. The n represents the number of
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Figure 5.2. Structure of DQNNED.
times that the test was run. The MIC of chitosan quat-188, was found to be 16 (ig/mL 
for both the E. coli and S. aureus as shown in Figure 5.5. This polymer is 30 times 
more effective against E. coli and 110 times more effective against S. aureus than 
DQNNED. DQNNED, which has a carbamoyl moiety adjacent to the quaternary 
nitrogen, may have a lower activity due to the presence of this electron withdrawing 
group. It has been shown that electron withdrawing groups, such as carbonyl and 
carbamoyl, decrease the activity of certain antimicrobial agents.516
Different chitosan derivatives were synthesized to test the hypothesis of the 
electron withdrawing groups. The hypothesis of the quaternary ammonium substituent 
was also tested. Chitosan quat-188 was tested against E. coli using the minimum 
inhibition concentration evaluation (MIC) bioassays. The minimum inhibitory 
concentration (MIC) for each compound was determined as the lowest concentration 
that inhibited the growth of the microorganism so that the contents of the well remained 
clear to the naked eye. The lower the number, the greater the activity per reagent used.
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Figure 53. MIC Test Results for DQNNED for E. coli and S. aureus.
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Figure 5.4. Cell structure of gram-positive and gram-negative bacteria.517
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Figure 5.5. MIC test results for chitosan quat-188 against (a) E. coli and 
(b) 5. aureus.
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The higher MIC numbers indicate no activity was observed. In general, gram 
positive bacteria such as S. aureus are easier to inhibit than gram-negative bacteria such 
as E. coli. This difference is due to the cell wall structure of each bacteria. The gram 
positive bacteria consists of a thick peptidoglycan layer and the cytoplasmic membrane. 
Its peptidoglycan layer is extensively cross-linked in three dimensions forming a solid 
mesh. Despite its thickness, the peptidoglycan layer of gram-positive bacteria is not a 
barrier to the diffusion of low molecular weight compounds, such as detergents and 
antibiotics. The gram-negative bacteria consist of an outer membrane, a thin 
peptidoglycan layer, and the cytoplasmic membrane. The outer membrane is made of a 
lipopolysaccharide layer that is very toxic. Because of its structure, the 
lipopotysaccharide does not permit penetration by hydrophobic molecules, and is 
largely resistant to detergents. On the other hand, gram-negative bacteria are unusually 
permeable to hydrophilic compounds. Therefore, higher activity should be shown 
against E. coli than S. aureus. Chitosan quat-188 showed remarkable activity against E. 
coli, showing an MIC of 16 pg/mL. This activity can be attributed to the positively 
charged polymer adhering to the negative outer membrane of the bacteria. Activity can 
also be attributed to the hydrophilic nature of chitosan quat-188. The alcohol groups 
were acylated with different alkyl groups. This was done in order to determine if the 
hydroxyl groups played a part in enhancing biocidal activity. This modification 
afforded acetyl and butyryl quat-188 which yielded 64 and 32 pg/mL, respectively. 
Due to steric hinderance of the butyryl group compared to the acetyl group, some 
hydroxyl groups may have not been acylated. This would explain the increased activity 
of the butyrylated quat-188 with respect to the acetylated quat-188. It can be concluded
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that the alcohol functionality may be playing a major part in the bioactivity of the 
polymers. N-carboxymethyl chitosan was tested but showed no biocidal activity. This 
was probably due to the absence of an ammonium substituent. Another approach to 
testing the biocidal activity was to graft another ammonium functionality from the 2- 
amino of the chitosan polymer. The substituents were extended in the form of 
monoquat and diquat alkyl carbamoyl chitosan. The diquat carbamoyl chitosan has an 
alcohol group present next to the ammonium group. This similarity should aid in the 
activity of the diquat relative to the monoquat. The MIC numbers are recorded in Table
5.1.
Table 5.1. Inhibition of growth against E. coli.
MIC Evaluation against E. coli. Numbers represent concentration 
(pg/mL)
Chitosan quat-188 16
Acetyl chitosan quat-188 64
Butyryl chitosan quat-188 32
N-Carboxymethyl chitosan 128
Monoquat alkyl carbamoyl chitosan -
Diquat alkyl carbamoyl chitosan 64
The monoquat derivative did not show any activity, while the diquat responded 
with an MIC value of 64 pg/mL. The inactivity of the monoquat is surprising because it 
contains an ammonium substituent. The diquat once again demonstrates the importance 
of the hydroxyl group. For the study against 5. aureus, only the three quat-188 
derivatives were tested. All three derivatives exhibited the same MIC, 32 pg/mL. 
Chitosan quat-188 and the butyrylated quat-188 mimic the MIC for E. coli. The
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acetylated quat-188 exhibited higher activity against S. aureus than against E. coli. This 
can be attributed to the increased alkyl content compared to the butyrylated quat based 
on substitution, and not chain length. The increased alkyl content would give the 
acetylated quat more hydrophobic character, which would favor greater activity towards 
S. aureus. Vancomycin is the most effective antibiotic for the treatment of S. aureus, 
showing an MIC of 2 ng/mL. So the chitosan derivatives show excellent biocidal 
promise.
Table 5.2. Inhibition of growth against S. aureus.




Acetyl chitosan quat-188 32
Butyryl chitosan quat-188 32
Vancomycin 2
5.3. Conclusions
The three quat-188 derivatives and the diquat showed biocidal activity against E. 
coli. It has been demonstrated that the hydroxyl groups plays an important part in 
showing biocidal activity. The acetylated quat-188 showed a decrease in activity with 
E. coli, but an increase in activity against S. aureus. This difference in activity 
demonstrates the importance of alkyl substituents. Future work should be done to 
substitute a variety of hydrophilic and hydrophobic substituents for biocidal activity 
against gram-positive and gram-negative bacteria. These results also suggest that the 
electron withdrawing nature of the carbamoyl does not dictate the activity when 
substituted onto chitosan instead of cellulose.
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CHAPTER SIX
ADJUVANT ACTIVITY OF CHITOSAN QUAT-188 WITH RIFAMPIN 
AGAINST TUBERCULOSIS STRAINS
6.1. Introduction
Tuberculosis is the major cause of death in the world. Particularly, people in the 
under developed countries have a major population infested with tuberculosis. World 
Health Organization officials estimate that three million people worldwide die of 
tuberculosis every year and that fully one-third of the world’s population is infected 
with it. Tuberculosis has the ability to mutate, which makes treatment difficult.61 The 
recent resurgence of tuberculosis in the United States and other industrialized countries 
has taken place among certain clearly identifiable communities and “risk groups”: 
homeless people, drug addicts, prison inmates, poor immigrants, the elderly, and people 
with HTV infection and AIDS.62 Rifampin is an antibiotic used for the treatment of 
tuberculosis as shown in Figure 6.1. Rifampin has also been used in the treatment of 
nontuberculous infections, such as Mycobacterium avium.6 3 Chitosan quat-188 acts as 
an adjuvant by acting as an immunological agent that increases the response of rifampin 
to Mycobacterium tuberculosis and Mycobacterium avium.
The covalent skeleton of Mycobacterium is comprised largely of a peptide 
known as the peptidoglycan. The peptidoglycan consists of glycan chains in which N- 
acetylated glucosamine and N-glycolylated muramic acid alternate regularly, as shown 
in Figure 6.2. Water-soluble adjuvants have been derived from the early work of 
Freund.6 4 Freund’s complete adjuvant (FCA) is a very oily substance which contains an 
antigen that is mixed with water to form an emulsion. The oil causes the cells to
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become more vigorous in finding the antigen and presenting it to the immune system. 
However, FCA is a very painful procedure, causing extreme side effects. So an 
alternate method of fighting against Mycobacterium is warranted.
OH 
OH OH
h 3c  h 3c / J  cyM




Figure 6.1. Structure of Rifampin.
The identification of the peptidoglycan as the adjuvant active structure of 
mycobacteria has led to the preparation of a variety of soluble adjuvants by enzymatic 
digestion of the cell wall of various gram-positive bacteria.6 5 Recent papers address the 
specificity of synthetic glycopeptides,66 the structure required for immunoadjuvant and 
arthritogenic activity.67 N-acetyl-muramyl-L-alanyl-D-isoglutamine (MPD), shown in 
Figure 6.3 was described as the minimal adjuvant active molecule of a series of studies
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involving synthesis of various bacterial peptidoglycans.68 Chitosan quat-188 should 













Figure 6.2. Structure of peptidoglycan.
Drugs with high efficacy towards M. tuberculosis or M. avium, such as phytol or 
rifampin tend to be practically insoluble in water. These drugs are elaborated aliphatic 
and macrocyclic hydrocarbons, which will require water soluble adjuvants to deliver to 
microorganisms in an aqueous environment. Preliminary experiments with chitosan 
quat-188 have shown that chitosan polymers could serve as adjuvants and may provide 
symbiotic antibacterial activity.
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Figure 6.3. Structure of N-acetyl-muramyl-L-alanyl-D-isoglutamine (MDP).
6.2. Results and Discussion
M. tuberculosis and M. avium were tested against various antigens. Their cell 
wall is very similar to that the gram-positive bacteria but its hydrophobic surface gives 
it gram-negative bacteria characteristics. The most noticeable antigen was rifampin. 
Rifampin showed no activity against M. tuberculosis but it showed activity against M. 
avium with an MIC of 0.125 pg/mL. When chitosan quat-188 was added to rifampin, 
the activity against M. tuberculosis was increased by an MIC of 32 pg/mL. However, 
chitosan by itself showed greater activity against the tuberculosis strain than it did 
against the avium strain. Phytol is a branched, long-chain aliphatic alcohol which has 
various biological effects.69 Phytol did not show any activity by itself with either strain, 
but showed activity with chitosan quat-188. Geraniol, a monoterpenoid, has been used 
as a growth inhibitor towards the most common postharvest pathogens on temperate 
fruits, B. cinerea and M. fructicola.610 Geraniol, however does not show any biocidal 
activity.
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Table 6.1. Inhibition of growth of M. tuberculosis and Af. avium.
Treatment M. tuberculosis M. avium
Rifampin 0.125
Phytol
Chitosan quat-188 4 128
Geraniol + chitosan quat-188 128 128
Phytol + chitosan quat-188 32 4
Rifampin + chitosan quat-188 32 <1
6.3. Conclusions
Chitosan quat-188 shows excellent promise as an adjuvant for the rifampin 
antibiotic against M. tuberculosis and M. avium. The biocidal polymer also shows a 
distinct way to differentiate the two Mycobacterium species, indicated by an MIC of 4 
pg/mL for tuberculosis and an MIC of 128 iig/mL for avium. The continuing evolution 
of tuberculin bacteria with resistance to current antibiotics demands alternate treatments 
or enhanced effectiveness of current drugs. Our initial studies show that chitosan quat- 
188 could enhance drug effectiveness and may be a new weapon in the war on 
tuberculosis. Further test studies will be required to access the potential of these 
polymers and to evaluate the effect of chitosan quat-188 in vivo.
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Infrared spectra were recorded with a KBr pellet using a Perkin Elmer FT-IR 
Spectrometer 1760X at a 4 cm'1 resolution and 4 scans. Proton nuclear magnetic 
resonance spectra were obtained in D2O using a Bruker AM 400. Solid state nitrogen 
nuclear magnetic resonance spectra were recorded at 40.540781 MHz on a 
Chemagnetics CMX-400 spectrometer. The Hartmann-Hahn match cross polarization 
was set with ISN alanine using a 0.5 ms contact time and a pulse 90 of 4.50 ps. Samples 
were spun at the magic angle at 7000 Hz. A recycle delay of 1 s was used. Usually 
50000-80000 scans were taken for one spectrum. The chemical shifts were externally 
referred to NH»+ of enriched ammonium nitrate. Freeze drying purification was 
performed in a Vir Tis Freeze mobile 12XL. Intrinsic viscosities were determined with 
an Ubbelohde viscometer #E 944 at 26°C ± 0.02°C, the solvent flow time was 129.76 
seconds.
7.2. Reagents and Solvents
Membrane tubing from Spectrum Medical Industries, with a molecular weight 
cut-off at 6-8,000 was used for dialysis. Chitosan was purchased from Primex 
Ingredients ASA, Karmsund Fiskerihavn 1999, Norway. All reagents and solvents 
were reagent grade (Aldrich) and utilized without purification. N-(3-Chloro-2- 
hydroxypropyl) trimethylammonium chloride (Quat 188) was purchased from The Dow 
Chemical Company.
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7.3. Regenerated Chitosan
Chitosan was regenerated by dissolving 10 grams in 200 mL of 1% acetic acid. 
This solution was stirred for 24 hrs. Then the chitosan solution was decanted slowly 
into a beaker containing 10 grains of sodium bicarbonate in 200 mL water and 300 mL 
methanol. The methanol is added to help precipitate the chitosan out of solution. The 
solution was then stirred and the pH was adjusted to 9 by the addition of aqueous 
NaOH. The regenerated chitosan was then recovered by filtration.
7.4. Determination of the Percent of Deacetylation
7.4.1. IR method
A KBr pellet was prepared by mixing chitosan (0.02 g) with 0.200 g of KBr. 
The pellet was placed directly in the beam and the spectrum was recorded The 
spectrum of all other derivatives were recorded in a similar fashion. The residual N- 
acetyl groups in a chitosan sample was estimated using the relative absorption of the 
carbonyl band at 1650 cm'1 and the hydroxyl band at 3450 cm*1. The percent of 
residual N-acetyl groups is A1650/A3450 * (100/1.33).
7.4.2. *H NMR method
Chitosan (50 mg/mL) was dissolved in 1% deuterated acetic acid/99% 
deuterium oxide. Deuterium oxide was used as the reference for the assignment of 
chemical shifts. All other derivatives were done in a similar fashion. The N-acetyl 
content was determined using the integral of the N-acetyl signal at 2.05 ppm relative to 
the integral of the H-2 resonance, i.e. % N-acetyl = (kos /3)/(l3.i)*100
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7.5. Degree of Substitution for Chitosan Derivatives
All D.S. determination was done using 'H NMR. One peak is used as a
reference while the other peak is used the variable. The general equation represents the
D.S. = (integral^/# hvdrogensy 
(integralW# hydrogensR
where # hydrogens represents the number of hydrogens attributed to that peak.
Chitosan quat-188, R= 4.6 ppm; V= 3.1 ppm.
Acetyl chitosan quat-188, R= 3.2 ppm; V= 1.9 ppm.
Butyryl chitosan quat-188, R= 3.3 ppm; V= 0.9 ppm.
N-carboxymethyl chitosan, For monocarboxylation R= at 5.6 ppm; V= 3.4 ppm. For 
dicarboxylation R= 5.6 ppm; V= 3.2 ppm.
N,N-dimethylamino propyl carbamoyl chitosan, R= 2.6 ppm; V=3.0 ppm.
Monoquat alkyl carbamoyl chitosan, R= 3.0 ppm; V= 3.4 ppm.
Diquat alkyl carbamoyl chitosan, R= 2.6 ppm; V= 3.1 ppm.
7.6. Characterization Using 1SN NMR
Approximately 200 mg of chitosan derivative was inserted into a 7.5 mm rotor. 
The Hartmann-Hahn match cross polarization was set with ISN alanine using a 0.5 ms 
contact time and a pulse 90 of 4.50 fxs. Samples were spun at the magic angle at 7000 
Hz. A recycle delay of 1 s was used. Usually 50000-80000 scans were taken for one 
spectrum. The chemical shifts were externally referred to NH»+ of enriched ammonium 
nitrate.
7.7. Synthesis of Chitosan Derivatives
All chitosan derivatives were neutralized, dissolved in water, and dialyzed. The 
samples were then freeze-dried to yield fluffy white solids.
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Hydroxy propyl trimethylammonium chitosan chloride (chitosan quat-188) (1). A
65% aqueous solution of N-(3-chloro-2-hydroxypropyl) trimethylammonium chloride 
(quat-188) (40 mL) was added to the reaction flask and the pH of the solution was 
raised to 8 by using 15% NaOH. Then iodine (0.50 g) was added along with 
regenerated chitosan (1.0 g, .006 mol). Upon stirring, the solution went from light tan- 
brown to green. The solution was stirred for 24 hrs. Then water (100 mL) was added 
and the temperature raised to 50°C for another 24 hrs. The resulting solution was tan- 
brown and clear; (1.02 g, 53%).
Acetyl chitosan quat-188 (2). (1) (0.50 g, .160 mol) was dissolved in water (20 mL) 
and placed in the reaction flask along with acetic acid (10 mL) and Dowex-resin (1.0 g). 
The solution was stirred at 50°C for 5 hrs and the resin was removed; (0.43 g, 68%). 
Butyryl chitosan quat-188 (3). (1) (0.52 g, .166 mol) was dissolved in 20mL water 
and placed in the reaction flask along with (lOmL) butyric acid and Dowex-resin (1.0 
g). The solution was stirred at 50°C for 5 hrs and the resin was removed; (0.48 g, 65%). 
All the N-carboxymethyl chitosan were reduced with NaBH* and the pH was allowed to 
rise to 8. Due to the mono and dicarboxylated species present, percent yields were not 
determined for any carboxylated chitosan derivatives. The percent yields of amino, 
mono, and diquat alkyl carbamoyl chitosan derivatives were also not determined. 
N-carboxymethyl chitosan (4). Chitosan (0.50 g, .0030 mol) was suspended in 100 
mL water. Glyoxylic acid monohydrate (3.50 g, .038 mol) was added and the resulting 
clear solution was stirred for 5 hrs; 0.66 g.
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N-carboxymethyl chitosan #1. Chitosan (0.5g, .0030 mol) was dissolved in lOOmL of 
1% acetic acid. Glyoxylic acid monohydrate (0.50 g, .005 mol) was added and the 
resulting clear solution was stirred for 5 hrs; 0.34 g.
N-carboxymethyl chitosan #2. Chitosan (0.5 g, .003 mol) was dissolved in lOOmL of 
1% acetic acid. Glyoxylic acid monohydrate (1.0 g, .011 mol) was added and the 
resulting clear solution was stirred for 5 hrs; 0.46 g.
N-Carboxymethyl Chitosan #3. Chitosan (0.50 g, .003 mol) was dissolved in lOOmL 
of 1% acetic acid. Glyoxylic acid monohydrate (.25 g, .003 mol) was added and the 
resulting clear solution was stirred for 5 hrs; 0.49 g.
N-Carboxymethyl Chitosan #4. Chitosan (0.50 g, .003 mol) was dissolved in 100 mL 
of 5% acetic acid. Glyoxylic acid monohydrate (.25 g, .003 mol) was added and the 
resulting clear solution was stirred for 5 hrs; 0.47 g.
N-Carboxymethyl Chitosan #5. NCMCh #3 (3.50 g) was dissolved in 100 mL of 
water and glyoxylic acid monohydrate (14 g, .152 mol) was added and the resulting 
clear solution was stirred for 5 hrs. After freeze-drying, the polymer was dissolved 
again in 100 mL of water and a huge excess of glyoxylic acid monohydrate (60 g, .65 
mol) was added and the solution was stirred for 24 hrs; 2.81 g.
Aminoalkyl carbamoyl chitosan (6). (4) (1.04 g, .431 mol) was slurried in dimethyl 
sulfate (125 mL) for 2 days at room temperature. Then the product, methyl N- 
carboxymethyl chitosan (5) was washed with acetone and placed damp into a round 
bottom flask with N,N-dimethylamino-l,3-propylamine (50 mL). The solution was 
stirred for 3 days at room temperature. Then the solution was heated to 60°C for 5 hrs.
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The mixture was then stirred for another 24 hrs at room temperature. The propylamine 
was evaporated and the remaining solid was dissolved in water; 1.05 g.
Monoquat alkyl carbamoyl chitosan (7). (6) (0.50 g, .017 mol) was placed into a 
round bottom flask with iodomethane (30 mL). Two small crystals of iodine were then 
added. The liquid immediately turned purple. After two days, the solution became 
brown. The solution was stirred for 3 days at room temperature. Then the liquid was 
filtered away, leaving the polymer. The polymer was then washed with acetone. The 
polymer was placed in water (100 mL) and stirred for 3 days at r.t.; 0.52 g.
Diquat alkyl carbamoyl chitosan (8). 40mL of quat-188 was added to the reaction 
flask and the pH of the solution was raised to 8 by using 15% NaOH. Then 0.50 grams 
of iodine was added along with 0.50 grams of (6) (0.50 g, .017 mol). Upon stirring, the 
solution went from light tan-brown to green. The solution was stirred for 24hrs. Then 
100 mL of water were added and the temperature raised to 50°C for another 24hrs.; 0.38 
g-
7.8. Tetraphenolate Complex
Tetraphenolate boronate ester was synthesized using the noted procedure from 
Chapter 2. The boronate complex was dissolved in an aqueous NaHCC>3 solution . The 
boronate complex solution was mixed with chitosan quat-188 in aqueous solution and 
allowed to stir at r.t. for two days.
7.9. Intrinsic Viscosity Measurements
Appropriate concentrations of chitosan and the derivatives obtained were 
prepared in 0.2 M acetic acid/0.1 M sodium acetate. The molecular weight of chitosan
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was estimated using the following equations to calculate the constants for the Mark 
Houwink equation.
k = (1.64* 10'30) * (DD14) mL/g 
a = (-1.02*10'2)*DD +1.82 
where DD is the % deacetylation.
For the chitosan used in these experiments, k = 1.68 *10'3 mL/g and a = 0.953. The 
intrinsic viscosities of the other derivatives are shown below.
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Intrinsic viscosity of amino alkyl carbamoyl chitosan
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7.10. Bioassays
7.10.1. E. coli and S. aureus
Stock solutions (1024 pg/mL) of the polymers were prepared in sterile distilled 
water and stored in the freezer. Solutions of lower concentrations were obtained by 
serial dilution using sterile water as the solvent. The strains of bacteria used in this 
study were received directly from the American Type Culture Collection (ATCC). E. 
coli 25922 and 5. aureus 29213 were cultured in nutrient broth and HEPES buffer, 
combined with the polymer solutions, and incubated at 37°C overnight in 96-well sterile 
plates. The next morning, 1 mL of the culture was resuspended in 23 mL of nutrient 
broth at room temperature and placed in a shaker-incubator for 4 hours at 130 rpm and
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37 °C to ensure a cell density of at least 10s cells/mL in mid-logarithmic growth phase. 
The optical density (OD) of the cell solution was measured at 600 nm using a 
spectrophotometer. These OD readings correspond to concentrations of 105 cells/mL of 
nutrient broth.
7.10.2. Mycobacterium tuberculosis and avium
Stock solutions (10.24 mg/mL) of the polymers were prepared in DMSO, filter 
sterilized, and stored at -80°C. Solutions of lower concentrations were obtained by 
serial dilution using DMSO as the solvent. Aliquots (50 jiL) of each solution were 
added to a 4 mL of BACTEC 12B broth (Becon Dickinson, Towson, MD) to achieve 
the desired concentration. Bioassays were done in the BACTEC 460. Briefly, M. 
tuberculosis H37Rv and M. avium were cultured in 4 mL of fresh BACTEC 12B 
medium containing test compounds. Controls (diluted 1:100) were also included. 
Cultures were incubated at 37°C and the growth index was determined daily starting on 
the third day of incubation. For M. avium and M. tuberculosis H37Rv, experiments 
were completed in 5 and 10 days, respectively.
7.11. Minimum Inhibitory Concentration Test
The test used in this study was the Minimum Inhibitory Concentration (MIC) 
Test. This is a general test that indicates the minimum concentration necessary to 
inhibit the growth of a population of microorganisms. The pathogen, E. coli or S. 
aureus, is added to a small well containing the polymer of interest, buffer, and nutrient 
broth.
A range of eight concentrations may be tested at once so the minimum 
concentration at which the polymer will prevent growth can be determined. A
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concentration of 10s bacterial cells/mL was studied in each test. The polymer 
concentration tested ranged from approximately 1600 pg/mL to 2 pg/mL. For each set 
of tests there was a cell control and a polymer control. The well plates were incubated 
for 18 to 24 hours at 37 °C, the ideal temperature for microbial growth.
The cell well where the concentration of the polymer was effective at inhibiting 
growth will appear clear. The concentrations of the polymer at which growth occurs 
will appear cloudy (turbid) from the large population of cells that have grown. The 
experiment was repeated several times, as indicated, to obtain a sufficient average value 
for the MIC. Cell wells were judged visually for clarity of the solutions.
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